Abstract: This review presents a summary of current understanding of the resistive switching materials and devices which have inspired extraordinary interest all over the world. Although various switching behaviors and different conductive mechanisms are involved in the field, the resistive switching effects can be roughly classified into filament type and interface type according to their conducting behavior in low resistance state. For those filament based systems, the migration of metallic cations and oxygen vacancies, characterization of the filament as well as the role of Joule heating effects are discussed in detail. As to the interface based system, we describe the methods of modulating interface barrier height such as using different electrodes, inserting a tunnel layer. It is demonstrated that the switching mechanism can transform from one to another along the change of some specific conditions. We also give an overview on the latest developments in multilevel storage and the resistive switching in organic materials. In this paper, the solutions to address the sneak current problems in crossbar structure are discussed.
Introduction
Due to the intense demand for a high-density, high-speed, and low-power nonvolatile memory (NVM) in semiconductor industry, the market of NVM has grown much faster than the entire semiconductor market in recent years [1−3] . Dynamic random access memory (DRAM) is very fast and compatible with central processing unit (CPU). However, a huge shortcoming, energy-costing, additional periphery circuitry as well as restraining the design of computers resulted in its volatile [3] . As a traditional NVM, Si-based Flash memory has been extensively applied in mobile storage for its relatively high density and low fabrication cost [4−5] . Nevertheless, Flash suffers from several disadvantages such as low endurance, low speed and high voltages in the write operation, and it is rapidly approaching its fundamental scaling limit due to the increasing difficulty of retaining electrons in shrinking dimensions [1, 6−7] . Therefore, new materials and novel device architectures are proposed to overcome this technical and physical scaling limit.
There are various candidates competing with each other for the next-generation memory. For example, magnetic random access memory (MRAM) and ferroelectric random access memory (FRAM), which use magnetic tunnel junctions and reversible polarization of ferroelectric materials, respectively, and have attracted numerous attention and enjoyed advanced development [8−10] . However, MRAM and FRAM both face severe problems in scaling [1, 6, 11] . Under this circumstance, a new candidate emerged: resistance switching random access memory (RRAM), in which the memory cells have the theoretical smallest area 4F 2 (F is the feature size on a given process) [12] .
Resistive switching phenomenon was firstly reported in a series of binary oxides by Hickmott in 1962 [13] . Since then, the hysteretic resistive switching behavior under the applied electric field has been reported in many materials [14−15] . Hence, the first period of high research activity of resistive switching phenomenon had arisen in 1970s and 1980s. Most of the early researches focused on discussing and revealing the physical mechanism of electrical stimulated resistive switching. As the development of microelectronics processing technology, researchers recognized that resistive switching behavior has the potential to be utilized as an ultimate NVM in the late 1990s, bringing the second research surge of resistive switching [16−18] .
As shown in Fig.1 , the papers on RRAM increased rapidly year by year [19] , indicating that this area is attracting enormous scientific interest because of the excellent scaling prospect, the outstanding operating and processing properties. So far, a great variety of materials have been found to show the resistive switching characteristics, including binary oxides such as NiO [20−23] , TiO 2 [24−25] , and ZnO [26−28] , solid electrolytes such as Ag 2 S [29] , GeSe [30] , perovskites [31−32] , organic materials [33] , amorphous silicon (α-Si) [34−37] , and nitrides [38−39] . Most of the RRAM cells have a simple capacitor-like 'MIM' structure, as shown in Fig.2 , where 'M' denotes a kind of metal electrode as well as electro-conducting non-metals, and 'I' stands for an insulator or semiconductor layer sandwiched by two electrodes. Because of its simple structure, an attractive architecture named crossbar memory structure has been proposed, which offers the highest possible device density and the simplest interconnect configuration [2, 40] . As shown in Fig.3 , each cross-point between Word line and Bit line becomes a storage cell. Thus, the cell size of the memory can be diminished to nanoscale by using nanowires as the orthogonal crossbar. This configuration also provides potential three-dimensional (3D) storage by multilevel stacking the Word and Bit lines [40] . Although RRAM has attracted scientific and commercial interests as well as numerous experimental researches, the switching mechanism is still debating. Different switching behaviors such as unipolar phenomenon and bipolar phenomenon, various switching mechanisms such as filament model [26, 37, 41−42] , trap controlled model [43−44] , interface barrier model [45−47] and Mott transition [16, 48−50] are involved in RRAM researches. It should be pointed out that it is almost impossible to describe all the work performed around the world in this field. Therefore, we mainly describe the recent progresses in our understanding of the mechanism in RRAM.
Classification of resistive switching

Unipolar and bipolar resistive switching behaviors
The basic characteristic of RRAM is its two different resistance states, i.e. high resistance state (HRS) and low resistance state (LRS), which can be switched from one to the other by an appropriate electric stimulus. In general, the operation which changes the resistance of the device from HRS to LRS is called a 'SET' process, while the opposite process is defined as 'RESET'. The specific resistance state (HRS or LRS) can be retained after the electric stress is cancelled, which indicates the nonvolatile nature of RRAM. The resistances of HRS and LRS can be read at a small voltage, which does not affect the resistance state. According to the relationship of electrical polarity between SET and RESET processes, the resistive switching behaviors can be simply divided into two kinds: unipolar and bipolar, which manifest different current-voltage (I-V) appearances, as shown in Fig.4 (a) and (b), respectively. In unipolar RRAM, the switching direction does not depend on the polarity of the applied voltage. Fig. 4(a) depicts the typical I-V curves of the unipolar resistive switching in logarithmic scale. As it can be seen, the device switches from HRS to LRS at a high voltage (V SET ). Subsequently, the system returns to HRS at a voltage (V RESET ) lower than V SET . In the SET process, a current compliance (CC) is often used to avoid permanent breakdown, while it is unnecessary to apply CC in RESET process. Devices which exhibit the unipolar I-V characteristic often have the symmetric structure, which means that the top electrode (TE) using the same material as the bottom electrode (BE). This type of resistive switching behavior has often been observed in binary oxide system, such as Pt/TiO 2 /Pt [24−25] , Pt/ZnO/Pt [27] , Pt/NiO/Pt [51−54] and Al/ZrO 2 /Al [55] . The switching mechanism of the unipolar RRAM is ascribed that the conducting filament forming under voltage stimulus puts the device into LRS and Joule heating effect caused filament rupture switches it back to HRS. Since the Joule heating effect does not depend on the polarity of the current, this kind of devices displays unipolar switching behavior. CHANG et al [53] investigated the switching characteristics of NiO films in different temperatures, and reported that the mechanism is controlled by the Joule heating effect and the stability of filament is governed by the competition between Joule heating and thermal dissipation.
In contrast, the switching direction of bipolar RRAM depends on the polarity of the applied voltage, as depicted in Fig.4(b) . The polarity of V RESET is opposite to that of V SET , and LRS (HRS) is not affected by the electrical signal whose polarity is identical with that of V SET (V RESET ). The device structure of bipolar switching is usually asymmetric. For example, different materials are used as TE and BE. A big problem in unipolar resistive switching is that V SET may overlap with V RESET owing to the same polarity of V SET and V RESET . Apparently, this kind of trouble does not exist in bipolar resistive switching since the reversed polarity of voltage in SET and RESET processes. Bipolar RRAM has extensively investigated by aiming to prepare the nonvolatile switches in reconfigurable large-scale integrated circuits (LSIs) [56] . Some different mechanisms are involved in bipolar switching RRAM, which leads to various switching characteristics. CC may be avoided in some circumstance, as reported by LIU et al [57] in CeO x films. DO et al [58] observed the counterclockwise and clockwise switching directions in TiO 2 film, which depends on the deposition order of Al electrode, and an electroforming process is often needed to activate the devices in the stoichiometric films [59] while some systems are electroforming-free [26] . All of these reversed phenomena imply that the mechanism of resistive switching is sensitive to the crystal quality of the materials, the processing technology and the devices structure and so on. Unveiling the relationship between these factors and device properties is urgent to guide the RRAM device optimizing.
Filament-type and interface-type mechanisms in resistive switching
The mechanisms of resistive switching can be divided by the conduction mode in LRS: the filament type and the interface type. In the filamentary resistive switching, current in LRS flows through the confined local path in the insulating matrix while current in HRS flows through the films homogeneously. Although the filamentary conducting path has been demonstrated in many systems, the constitution of filament seems vary from one to another. Metallic nano-bridges [26] , oxygen vacancies (
V s) composed conductive channels [28] , dislocations [32] and a trail of metallic islands [35] are possible filaments which switch the device to LRS. A distinct feature of filament-type resistive switching is that the resistance in LRS (R LRS ) is independent on device area while the resistance in HRS (R HRS ) increases when the cell size decreases, as reported by Zhang et al. [60] in MnO x films. In addition, the confirmed filamentary mechanism specifies a direction to scale devices, since the size of the filament determines the ultimate scaling limit. Leastwise, the device size should be double of the size of the filament [61] . SZOT et al [32] reported the resistive switching of individual dislocations in single-crystalline SrTiO 3 , which indicates that the scaling limit can be diminished to nanoscale as the size of dislocation.
In the interface type resistive switching, the current which flows through the film is determined by the barrier height at the interface between the middle semiconductor layer and the electrode. The interface barrier height can be modified by electrical stimuli, and lead to two different resistance states. This type of resistive switching has been observed in complex perovskites oxides and binary oxides. YANG et al [45, 59] reported the resistive switching in Ti/TiO 2 /Pt system, where TiO 2 /Ti contact is Ohmic and TiO 2 /Pt interface is Schottky-like. Negative voltage on Pt electrode drifts V o toward the TiO 2 /Pt interface and reduces the barrier height, resulting in the resistive switching from HRS to LRS and vice versa. In perovskites, a mechanism concerning the charging effect at the interface is also proposed to explain the resistive switching. The distribution of trapped charge is altered by the voltage stresses in forward or reverse directions, resulting in the modification of band lineup or tunneling probability in the interface barrier [46−47] . Similarly, Mott transition induced by carriers doped at the interface can be classified into interface type resistive switching [62] . The interface barrier height is an identical factor although it can be altered in different ways. Our main aim is to summarize the main similarities and differences in this area, and we will discuss in detail in the following section.
Filament based systems
Redox reaction induced by applied electric field
According to the composition, there are two different filaments in RRAM device, that is, redox reaction induced metallic filament and oxygen ions defects such as
V s composed conductive filament. The RRAM, mediated by the redox reaction formed filament, is defined as electrochemical metallization (ECM) cell, and also called conductive bridging (CB) cell or programmable metallization cell (PMC) in Ref. [5] . The ECM cell consists of a thin film of a solid electrolyte, an electrochemically active metal electrode such as Ag, Cu, or Ni, and an electrochemically inert metal electrode such as Pt, Au, W or Ir. Fig.5 Fig.5(a) ).
The successive precipitations of active metal atoms at the cathode lead to a growth of the metal protrusion, which finally reaches the anode to form a highly conductive filament, and switche the device to LRS (Fig.5(b) ). When a negative voltage is applied on the active electrode, an electrochemical dissolution takes place in the weakest part of the filament, and reset the system into HRS ( Fig.5(c) ). As the above procedure repeats, the device is reproducibly switched between HRS and LRS. The ECM systems are widely studied in selenides and sulfides as well as various oxides. Compared to other mechanisms in RRAM, ECM is a relatively mature theory. Device size diminished to a diameter of 20 nm has been reported by KUND et al [63] in GeSe films. Write current reduced down to 10 pA [64] and programming speed as fast as 5 ns [26] are demonstrated in SiO 2 and ZnO based ECM, respectively. Nevertheless, open questions remain on the details of the switching mechanisms in RESET process, kinetics in the formation and rupture of the filament and so forth. The yields of the programming devices and the reproducibility of the properties among different cells are rarely reported. More studies about manipulating the filament need to strive for the real application of ECM memory. 
Characterization of conducting filament
In order to support and supplement the filament model, it is of great significance to explore the composition and morphology of filament in the insulating matrix. Although independence between device area and R LRS sustains that current flows in filamentary path [60] , there is no information about the nature of the filament. Temperature dependence of R LRS can provide an effective way to clarify the intrinsic constituents of the filament. Fig.6 depicts the temperature dependence of R LRS and R HRS in Ag/ZnO:Mn/Pt structure [26] . As it can be seen, R LRS increases when the ambient temperature increases, which indicates that the phonon scattering is dominant in the electronic transport. This typically metallic conduction behavior demonstrates that metallic filament is formed in LRS. In contrast, R HRS deceases with increasing temperature and exhibits an approximately exponential manner with 1/T (T denotes temperature), which can be ascribed to a typical semiconductor behavior. JUNG et al [65] reported that R HRS in NiO film also shows a weak metallic conduction behavior like LRS when the temperature is below about 180 K. This phenomenon implies the metallic filament may rupture imcompletely in the RESET process. Thus, the residual metallic defects contribute to the abnormally metallic conduction in low temperature. The research of temperature dependence on R LRS and R HRS provides strong evidence that metallic filament is formed in the insulative matrix in LRS.
The metallic conduction behavior only supports the filament model indirectly. Observation of the filament can be solid and direct evidence. Conductive atomic force microscopy (CAFM) is mostly used to detect the conducting path, which presents a clear visualization of filament [52, 66] . Although CAFM is a powerful tool to probe the local filament formation in the matrix, the composition as well as the chemical state of the filament is hard to be clarified by this method. Besides, scanning electron microscopy (SEM) with photoemission electron microscopy (PEEM) is also used to clarify the morphology and the chemical state of the filament in CuO film [67] . But this method is only applicable to the device with large size. When the filament size is in dozens of nanometers or smaller, this method would be out of function.
Transmission electron microscopy (TEM) is a reliable and precise technique to study the microscopic changes of materials in nanoscale. YANG et al [26] represent a clear visualization of the conical-shape filament of Ag protrusion in the ZnO:Mn film. Further study of the filament in ZnO matrix was performed in scanning transmission electron microscopy (STEM) mode with high-resolution energy dispersive X-ray spectroscopy (EDX), as shown in Fig.7 [26] . The EDX spectrum taken in the filamentary area exhibits very strong Ag peaks while that taken in the non-filamentary area shows no signal of Ag element ( Fig.7(a) ). The line profile of intensity of Ag signal along the filament indicates that the Ag filament has not only penetrated through the ZnO film completely but also extended to the Pt electrode. These researches have made an important contribution to the filament model, owing to the direct visualization and composition analysis of the conductive path. Similar result is also reported in Cu/Ta 2 O 5 /Pt structure by SAKAMOTO et al [56] , which shows an imcomplete Cu protrusion in the Ta 2 O 5 film. Since indirect and direct characterizations of the filament have been successfully obtained by many researchers, this model is widely accepted. However, characterizing the filament in different procedures of formation or rupture is still challenging, which can provide kinetics information in the switching.
Role of Joule heating effects in resistive switching
The stability of the conductive filament is a problem deserving in-depth study, which determines the retention time of LRS. In unipolar switching, the high current generates Joule heating switches the device to HRS by [26] fusing the filament in RESET process. Though a low reset current is beneficial to reduce the power consumption, it often shortens the retention time owing to the low current caused small filament size [68] . In bipolar switching, Joule heating is not the main driving force in RESET process, but it still plays an important role in accelerating the dissolution of the filament. However, it can also lead to the rupture of the filament when sufficiently high current flows through the filament. If this rupture happens in SET process, it becomes a valid operation since the resistance did not stay in LRS. This phenomenon can be seen in both unipolar and bipolar resistive switching. In addition, measuring the device in high temperature can make the filament unstable, transforming memory resistive switching into monostable threshold switching [53] . In the same way, the large current in SET process can also result in a threshold switching, as shown in Fig.8 [69] . Severe Joule heating will be generated when large current passes through the filament. If the heat can not dissipate in time, there will be a steep increase of the temperature in the filament, which finally blows out the filament. Therefore, large current should be avoided in the device, which is harmful to the performance or even leads a failure. After the permanent failure of the device under large current, lightning-shaped patterns appear upon the TE as shown in Fig.9 [69] . There are no composition differences between the positions in and out of the patterns, implying the patterns are heat induced melting and recrystallization zones. Thus, for practical application of RRAM the avoidance of deleterious thermal effects is necessary, which would be more urgent in future high-density data storage. Reducing the reset current is one route to depress the heat production, which attracts many researchers' attention. Another way is to improve heat dissipation since heat production is inevitable in the fast and repeating operations. More studies in this field are indispensable for future applications of RRAM. 
Filament formed by oxygen vacancies migration:
electroforming and bubbles An electroforming process is necessary in many binary oxides or perovskites based RRAM devices [59, 70] , which generates vacancies or conducting path in stoichiometric films, thus activating the device to possess resistive switching effects. Electroforming is a nondestructive breakdown which drives the device into the conducting state. When a voltage stress is applied on the device, oxygen ions (O 2− s) migrate to the anode and
V s move to the cathode. Then the O 2− s will be stored in some kinds of electrode such as TiN [28] or be oxidized near the anode [59] . When abundant O 2− s are discharged at the anode, oxygen gas bubbles will form. After the electroforming process,
V s assemble at the cathode and the asymmetry of the structure has been built in the device.
V s would form the conducting filament or change the interface barrier in the later operation, which transforms the resistance from one state to the other. Hence, generating
V s in the film is the key point to obtain resistive switching in some oxides. Besides electroforming, some researchers studied other methods to activate the device. Shih et al. [71] reported that an appropriate thermal-forming had the same function as electroforming by increasing oxygen vacancies in monocrystalline ZnO.
Electroforming voltage is often far higher than V SET and V RESET , which is harmful to the practical application of device, and cause the design of circuit more complex. In addition, the oxygen gas bubbles evolved in the electroforming process would cause physical deformation of the device or even blow the top electrode off [24, 72] . Thus, it is crucial to reduce the magnitude of electroforming and eliminate the gas bubbles. One approach is to thin the oxide film and just keep the interface [59] , another one is to manipulate the fabrication process especially the oxide deposition, and to generate appropriate amount of
in the film without degrading of the device performance.
Interface barrier based systems
Effect of electrode materials on contact resistance
Contact resistance at the interface controls the switching characteristics of the device when the filament can not form between the two electrodes. Because of the three-layer structure, there are two interfaces in the device. Generally, to obtain the resistive switching behavior, one interface is Ohmic and the other is Schottky-like. Moreover, the barrier height of the Schottky-like interface can be altered by the applied voltage stimulus. The interface barrier height is determined by the energy band structure of the electrode and the middle switching active layer. In n-type middle layer, the interface barrier height increases when the work function of the electrode increases. However, the barrier height decreases with increasing the work function of the electrode in p-type middle semiconductor. As reported by SAWA et al [6, 46, 73] [74] studied the effects of different top electrodes (Pt, Pd, Au, Cr, and Al) on resistive switching of PCMO films with Pt bottom electrode, and indicated that only PCMO films with low work function electrodes such as Cr and Al show resistive switching. The metal oxide formed at the metal-semiconductor interface has a remarked impact on the I-V characteristics of the device. When a reactive metal is deposited on the oxide film, it can capture the O 2− s from the film, leaving
V s in the oxide. For instance, Ti electrode can be partially oxidized when depositing on TiO 2 film, to form a thin TiO x (x<2) layer at the Ti/TiO 2 interface, and to generate high concentration of
in the TiO 2 film [59] . In addition, the different abilities of forming a metal oxide in the interface can affect the switching behavior of the device. As reported by YANG et al [75] , the different Gibbs free energy of the metal oxide formation can determine the polarity of the resistive switching in La 0.7 Ca 0.3 MnO 3 (LCMO) films. The effects of different electrodes on the switching characteristics provide deep understandings of the mechanisms of interface type resistive switching.
Modulation of interface by introducing barrier layer
Besides choosing different electrode materials, another approach, often used to modify the interface barrier height, is to insert a barrier layer at the electrode-semiconductor interface. SAWA et al [47] introduced a thin Sm 0.7 Ca 0.3 MnO 3 (SCMO) layer between Ti and La 0.7 Sr 0.3 MnO 3 (LSMO), and changed the interface from metal-to-metal contact to Schottky-like contact with resistive switching behavior. Besides, the thickness of SCMO as thin as one unit cell can also exhibit asymmetric and rectify I -V characteristics, indicating that the resistive switching is controlled by the Ti/SCMO interface. Increasing the thickness of SCMO to several unit cells, the resistive switching amplitude grows and the rectification develops. However, the resistive switching amplitude and the response time of the junction with SCMO thickness of 250 unit cells have no obvious difference from those of several unit cells, testifying that the switching active region is only several unit cells. Identical approaches are also conducted in binary oxides. BAIK et al [76] inserted a thin AlO x layer at the Ir/TiO x interface as a barrier layer. The resistive switching was driven by the variation of the AlO x tunnel barrier. By applying positive/negative voltages, the O 2− s migrated towards/away from the AlO x layer, resulting in the increase/decrease of the tunnel barrier of AlO x . The device in which the thickness of the AlO x layer is as thin as 1 nm can manifest the reliable switching characteristics, showing the interface controlled resistive switching, which is further demonstrated by the proportional dependence between device area and both R LRS and R HRS . These works indicate that the resistive switching occurs at the interface and can be manipulated by modifying the interface barrier.
Interrelation and transformation between different switching mechanisms
Although the device area dependence of R LRS is demonstrated by many researchers [60, 76] , it is hard to declare that the current flows through the film absolutely homogenously in LRS. As reported by MUENSTERMANN et al [77] in Nb-doped SrTiO 3 , the currents have a uniform distribution viewing from the micrometer-scale, but the current intensity varies from one specific point to another at the nanoscale detected by LC-AFM. In addition, the area dependence of R LRS has also been discovered in ECM device. YANG et al [26] reported that R LRS decreases as the device area increases in Ag/ZnO:Mn/Pt system, which is attributed to multifilament formed in the ZnO film. While in the interface barrier mediated systems the
V migration caused barrier height reduction may occur preferentially in some local places, generating the spatially inhomogeneous barrier height at the interface. Even in the filament controlled systems, both
V s and metallic atoms composed conductive filaments can be found in the same device. As reported by YANG et al [78] , the resistive switching characteristic of TiO 2 films with Cu TE is different from that without Cu TE studied by CAFM. The pristine TiO 2 films show small resistive switching. While switching effect with a higher resistance ratio was found in the TiO 2 films from which the Cu electrode was removed after electroforming. This is confirmed that Cu migrates into the TiO 2 films. Thus, it is proposed that two mechanisms (metallic filament and
migration) are involved in the TiO 2 films. Similar reports sustain that sometimes two mechanisms are contributed to the resistive switching in many systems [79−80] .
Because of the different types and diverse qualities of materials, the driving mechanisms in RRAM vary from one to another. However, these various mechanisms do not contradict with each other all the time. They can transform from one type to another by changing the composition or chemical state of the materials as well as choosing different electrodes. YANG et al [81] studied the resistive switching characteristics of the ZnO/Cu/ZnO trilayer films before and after a rapid thermal annealing (RTA) treatment, and revealed that the switching mechanisms transform from a carrier trapping/ detrapping type to an electrochemical redox reaction controlled conductive filament formation/rupture process after RTA treatment. As it can be seen from Fig.10(a) and (b), compared to the I-V characteristics in HRS of the device before RTA treatment, there is no variation of the I-V characteristics after RTA treatment. In LRS the conduction is completely Ohmic after RTA, while the I-V curve of the device before RTA follows the Child's law (I ∞ V 2 ) at the high voltage region. The variation of the conduction behavior is caused by the different states of Cu in the ZnO film as shown from the results of SEM and XRD analyses in Fig.10(c)−(f) . Before RTA, the thin Cu layer divides the two ZnO layers as indicated by the arrow in Fig.10(c) . After RTA, the bright Cu layer disappears and a secondary phase CuO emerges. It is obvious that Cu atoms diffuse into the ZnO films and are oxidized in the annealing process. The thin Cu layer in the ZnO matrix acts as a trap for electrons, because the work function of Cu (4.65 eV) is higher than the electron affinity of ZnO (4.35 eV), to make the electron trapping/ Fig.10 Resistive switching characteristics, structures and conduction mechanism of ZnO/Cu/ZnO trilayer films before and after RTA treatment: I-V curves of devices (a) before and (b) after RTA treatment in double-logarithmic scale, cross sectional images for samples (c) before and (d) after RTA treatment (The arrow in (c) exhibits a about 3 nm-thick Cu layer, while a number of vacancies begin to emerge after RTA treatment as marked by white circles in (d)), and (e) and (f) show the XRD patterns of ZnO/Cu/ZnO films before and after annealing in a semilogarithmic scale respectively (A secondary phase CuO emerges in the trilayer after RTA. Adapted from Ref. [81]) detrapping mechanism work in the electron transport under external biases. In contrast, abundant Cu cations in the ZnO matrix after RTA can migrate under the voltage, and result in the conductive filament formation/rupture mechanism. These results indicate that various mechanisms may take effects in the same system, but are controlled by the microstructure of the materials and architecture of the device. However, more in-depth studies are needed to clarify which mechanism can lead the most stable, reliable and greatest scaling RRAM.
Multilevel resistive switching
Increasing storage density is an immortal issue in the development of memory technology. Besides scaling the device size, multilevel storage is another effective way to enhance the storage density without much change of the current technologies. Hence, the research of the possibility of multilevel storage has attracted extensive in many kinds of memory, such as RRAM [82−86] and phase change random access memory (PRAM) [87] . Especially, the multilevel storage technology has been successfully used in conventional Flash memory [88] . Since the multilevel storage technology can multiply the storage density, it is of significance to develop this technique in RRAM for application in the next generation NVM.
The multilevel storage means that the device has more than two resistance states which can be easily distinguished and repeatedly achieved. Fig.11 depicts the I-V curve of a typical multilevel resistive switching Cu/TaO x /Pt system which has three resistance states: HRS, LRS and intermediate resistance state (IRS) [86] . By applying different magnitudes of positive voltage, the device can be set from HRS to IRS or LRS, and the LRS can also be switched back to HRS or IRS at different magnitudes of negative voltage. Statistical distribution of the three resistance states show that all neighboring states are separated by resistance ratios of 20, which is adequate for the demand of practical use, as shown in Fig.11(b) . Moreover, it is confirmed that each resistance state can retain for more than 2000 s, revealing the nonvolatile nature. Further study of the temperature dependence of resistance manifests that the LRS is Ohmic while both HRS and LRS act as semiconductor conductive behavior. It is proposed that the switching between HRS and IRS originates from a phase transformation between Ta 2 O 5 and TaO 2 at the interface, while LRS is induced by the formation of Cu filaments in the Cu/TaO x /Pt system. Similar switching of three resistance states are reported in Ti/ZrO 2 /n + -Si structure by LIU et al [85] , which is caused by the filaments due to ionic trap-controlled space charge limited current conduction (SCLC) and metallic bridge formed at different voltages. Multilevel resistive switching can also be achieved by applying different CC in some systems, as reported by WANG et al [82] in Cu-doped HfO 2 thin film and NAGASHIMA et al [84] in single cobalt oxide nanowire. These CC manipulated systems can obtain arbitrary resistance states between HRS and LRS, but more accurate control of the reliability and variation tolerance from device to device are needed. Owing to the lithography limit, to further scaling down the area size becomes more and more challenging; Therefore, it is believed that multilevel storage technology is the practical way to increase the storage density of RRAM. More studies include manipulating the multilevel resistive switching by pulse stimuli and obtaining the uniformity among various devices are in urgent demand.
Resistive switching in organic materials
Migration of electronic and/or optical functions that have been performed in inorganic materials to organic materials is an exciting direction for chemists and materials scientists. RRAM based on organic materials has attracts many interests during the last decades due to the advantages of low cost, rich structure flexibility and easy-fabrication [33, 89−91] . In 1968, GREGOR [92−93] observed resistive switching effect in sandwich structure of Pb/poly(divinylbenzene)/Pb, which was among the earliest reports about organic RRAM. Since then, resistive switching effect has been reported in a great number of traditional polymers and small organic molecules with metal/organic layer/metal sandwich structure such as Al/poly(N-vinylcarbazole) (PVK)/ Al [94] , Al/pentacene/Al [95] and Al/8-hydroxyquinoline aluminum/Au [96] . Recently, some new organic materials have been synthesized and found to have resistive switching effect with the structure of ITO/organic [86] layer/Al. FAZZI et al [97] reported that a new class of relatively flexible conjugated molecule which belongs to diphenyl-bithiophene derivatives displayed electrical bistability. KUOROSAWA et al [98] successfully synthesized two new triphenylamine based polyimides, which showed potential for high performance memory devices. In addition, active researches have also been focused on the combination of functional components with organic layers and many interesting phenomena have been observed. For example, blending different content of carbon nanotube in PVK is capable of exhibiting different device behaviors [91] . Also, organic RRAM devices composed of Ag nanoparticles embedded in a polymethyl methacrylate were fabricated and presented current bistability [90] .
More than four decades have passed since the first report about organic RRAM. But, the understanding of relevant resistive switching mechanism in any given organic RRAM device is still a topic of active debate [33] . It has been widely proposed that the resistive switching of organic RRAM is governed by SCLC and localized filament mechanism [90, 99−100] . In LRS, localized current paths have been observed by CAFM in several systems [89, 99] , but the essence of the current paths has not been clearly identified. A metallic bridge connecting the two electrodes, of course, is the simplest form of filament [33, 100] , just as in the inorganic RRAM systems. However, the current paths created by local alignment of the middle organic layer were also studied by some groups [89, 101−102] , such as ITO/poly-3,4-ethylenedioxythiophene:poly-styrenesulfon ate (PEDOT:PSS)/Al system. In addition, the efficiency of the electrons and/or holes injection at the electrode/organic interface and the charge transport across the organic materials might be responsible for the low and high resistance states and the resistive switching between them [33, 91, 97] .
Recently, COLLE et al [103] found that the existing of a thin aluminum oxide was essential for the resistive switching rather than the middle organic layer, which challenges the preceding observations. Thus, complete understanding of the relevant resistive switching mechanism in organic RRAM is still an open question. Apart from the switching mechanism, some criteria must be met for the real application. Compared with the inorganic RRAM, the RRAM based on organic materials is in an unfavorable position in terms of speed to write and read, cycling endurance, retention time and power consumption according to the current progress. There is still a long way to go to advance organic RRAM into practical applications of benefit to society. More studies need to be focused on identifying the switching mechanism and fabricating RRAM devices with better performance rather than creating new materials, which can keep the organic RRAM to be closer to real application.
Present status, challenges and outlook
Since the notion that resistive switching behavior has the potential for exploiting novel NVM was proposed, many research groups have carried out a lot of studies on pursuing the best performance in different materials. Among the multitudinous materials, switching mechanism in solid electrolytes such as chalcogenide based ECM is well understood than other systems, so the device performance of this type of RRAM is advanced. Meanwhile, for their simple compositions and good compatibility with complementary metal-oxidesemiconductor (CMOS) processes, in which the requirements for processing techniques and cost are minimized, binary oxides and α-Si based RRAM devices have been well developed. Table 1 lists some excellent performance in RRAM reported in literature. As it can be seen, the RRAM devices exhibit some superior properties such as the huge resistance ratio, which makes the periphery circuit very easy to distinguish the storage information ('1' or '0'). The memory endurance of over 10 8 has been demonstrated in binary oxide, chalcogenide and α-Si [104−105] ; especially, KOZICKI et al [106] reported an endurance of 10 11 in a single integrated cell of Ag/AgGeSe/Ni, which is competitive to the current NVM. The data retention of several months is confirmed by many researchers [26, 51, 105] . The retention time over 10 years at 85 °C can be extrapolated from retention characteristics [105, 107−108] . Another key criterion for evaluating memory performance is the programming speed. As illustrated in Table 1 , all the programming speed is faster than 500 ns and the shortest programming time is merely 5 ns [26] . This programming speed has exceeded traditional DRAM and stands comparison with high-performance static random access memory (SRAM) [5] , indicating that the RRAM is robust for high-speed memory application. Crossbar memory structure in which the memory cells have a size of 4F 2 makes RRAM a potential high-density memory. By 3D stacking of the crossbar structure, the memory cell size can be scaled down to 2F 2 , 1F 2 or smaller [22] . However, one of the fatal shortcomings of the orthogonal crosspoint architecture is the sneak path problem, in which a misreading of a high resistance state cell may occur when the neighboring cells are in LRS [40, 110] . Since it is impossible to distinguish the currents flowing between selected cell and unselected neighboring cells, it might lead to a wrong interpretation of the stored information [111] . In order to realize a high density crossbar structure, a suitable rectifying element is needed to constitute 1D1R 16 h ＜500 [89] structure. In addition, there are certain requirements for the rectifying diode to serve in the crossbar based memory, such as high on/off current ratio, high forward current density, and low processing temperature [22, 112] . Silicon based p-n diodes are not suitable for applying to the 3D structure owing to the high processing temperature and formation of silicide on the metallic substrate. Accordingly, several other rectifying diodes including oxide p-n junction-type diode and Schottky-type diode have been studied. LEE et al [22] fabricated a low temperature NiO x /TiO x p-n diode with a high rectifying ratio of 10 5 at ± 3 V, of which the current density measured at 3 V is about 5 kA/cm 2 . Although this NiO x /TiO x diode is compatible with the 3D stackable crossbar structure, the current density is not high enough. KANG et al [110] exploited a room-temperature growth amorphous CuO x /InZnO x diode with a rectifying ratio of 10 6 at ± 2.45 V. A fast response to pulse signals, the scalability to sub-100-nm sizes and the current density as high as 3.5×10 4 A/cm 2 , is demonstrated in the CuO x /InZnO x diode, suggesting a feasible diode serving in the high density 3D stackable crossbar memory. Besides the oxide p-n junction-type diode, Schottky-type diode is also a candidate for the rectifying device in the crossbar memory. PARK et al [113] reported a Pt/TiO 2 /Ti Schottky-type diode with a rectifying ratio of ~10 9 at 1 V.
Although the rectifying ratio is extremely large, the current density estimated from a large area is merely 10 A/cm 2 . However, the local forward current density is as high as ∼3×10 5 A/cm 2 under 1 V forward bias estimated by CAFM, which is favorable for the small size structure.
The performance such as the current density of rectifying diodes is still far away from actual demand, and the integration of 1D1R structure is challenging. Particularly, the performance of the diodes no longer holds when the size of the diodes decreases owing to the enhanced tunneling [114] . The 1D1R structure is only suitable for unipolar resistive memory in which the switching procedure occurs at just positive programming voltages. Recently, a newly emerged resistive switching device with intrinsic diode characteristics [35, 104, 112, 115] , a current rectification in the LRS, seems to solve the sneak path problem without an external embedded diode. JO et al [35] and DONG et al [115] reported the self-rectifying resistive switching device in Si/α-Si nanowires and metal/α-Si/p-Si films, respectively. The rectifying ratio of ＞10 6 can be achieved in the α-Si based systems, and these devices are fully compatible with CMOS processing techniques, indicating that they may be strong candidates for high density crossbar memory. ZUO et al [112] also reported the self-rectifying effects in ZrO 2 film embedded with Au nanocrystal, which exhibits a rectification of 7×10 2 under ± 0.5 V.
The observation of these intrinsic diode characteristics devices may lead a revolution in RRAM field and promote the application of crossbar structure. However, further investigates are needed to reveal the physical natures of self-rectifying effects, which guides the design of memory architecture. Fabrication of large scale crossbar arrays is urgent to testify the reliability of self-rectifying effects. RRAM seems to be less mature than several other emerging memory concepts, but it is still fascinating for its vast potential of exploiting a memory combined with high density, high speed and nonvolatility. The resistive switching cells can also be employed as reconfigurable switches in field-programmable gate-array (FPGA) type logic [116−117] or other hybrid crossbar/CMOS structures. In order to promote the practical application of RRAM, further studies are required on the microscopic mechanism for resistive switching. What is the reason causing cycling failure? How to improve the retention time? It is lack of literature to analyze the reason why the RRAM device fails. Reliability of the device needs more studies on the variations of cell performance and the yields of fabricated device. Guidelines for fabricating the integrated circuit of RRAM are still under developing. These unsolved problems and the coexistence of the scaling potential enable the research of resistive switching to become a sustaining hotspot in fields of physics, electronics as well as materials.
